An earlier study of the regulation of glutamate synthase (GOGAT) in Bacillus subtilis (Deshpande et al., Biochem. Biophys. Res. Commun. 95:55-60, 1980) revealed an inverse relationship between the specific activity of this essential ammonia-assimilatory enzyme and the intracellular pool of glutamine: GOGAT activity decreased when the internal glutamine concentration reached or exceeded 2.5 mM. This finding prompted the present investigation of the intracellular events linking glutamine formation to the regulation of GOGAT. A growing culture ofB. subtilis was shifted from glutamate plus NW medium (high GOGAT activity) to glutamate medium (low GOGAT activity). At various times after the shift, the intracellular concentrations of aspartate, glutamate, glutamine, alanine, and NW and the activities of GOGAT and glutamine synthetase (GS) were measured. After 30 min, the only significant pool level change was an eightfold increase in glutamine, which paralleled a 2-to 3-fold increase in GS activity. Approximately 15 min after the glutamine pool reached its peak, GOGAT activity began to decrease and eventually declined 2.5-fold. In contrast, when B. subtilis was shifted from glutamate medium to glutamate plus NW medium, there was a 1-to 2-h lag before the glutamine pool and GS activity approached a steady state. As a result, GOGAT activity was low until the concentration of glutamine dropped below 2.5 mM. We propose that glutamine is an important regulatory element in the control of GOGAT activity and that one form of GOGAT regulation involves enzyme inactivation. In addition, these results indicate that glutamine is neither a corepressor nor a feedback inhibitor of GS.
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In Bacillus subtilis, the assimilation of inorganic nitrogen into an organic form occurs primarily through the coupled reactions of glutamate synthase (GOGAT; EC 2.5.1.53) and glutamine synthetase (GS; EC 6.3.1.2). GOGAT Glutamate dehydrogenase (EC 1.4.1.4) also occurs in B. subtilis (13) . However, its activity is generally negligible in comparison with that of GOGAT, and it does not appear to function in ammonia assimilation because the Km for NW is 0.17 M (J. Wakim and J. F. Kane, unpublished data).
In several gram-negative bacteria (1, 17, 18) and Bacillus species (17, 18, 20) , GOGAT activity decreases in cells grown with glutamate as a nitrogen source and increases as a result of the addition of NW to the growth medium. Al- though GOGAT appears to be regulated in a negative manner by glutamate, the intracellular glutamate concentration remains essentially unchanged in strains cultured in different growth conditions (5, 17) .
Recently, we reported that the activity of GOGAT in B. subtilis is inversely proportional to the internal concentration ofglutamine rather than of glutamate (5) . In fact, the intracellular glutamine concentration is significantly greater in cells grown with glutamate than in cells grown with NH' or NHW plus glutamate. We have examined the sequence of intracellular events involved in this regulatory process and have found a relatively rapid loss of GOGAT activity associated with an increase in the glutamine pool. This suggests a mechanism for GOGAT regulation that involves glutamine and occurs, at least in part, at the post-translational level.
MATERIALS AND METHODS
Bacterial strains. All strains used in this study are derivatives of the competent strain 168 of B. subtilis (Table 1) .
Growth of cultures and preparation of extracts. Cells were routinely grown at 37°C in a mini-768 on September 7, 2017 by guest http://jb.asm.org/ Downloaded from mal-salts medium containing 14 g of K2HPO4, 6 g of KH2PO4, 4 g of sodium citrate, 0.1 mg of ZnSO4, 0.02 mg of FeCl3.6H20, 0.01 mg of CuSO4.5H20, 0.07 mg of MnCl2.4H20, 0.04 mg of (NH4)6Mo7024.4H20, 0.09 mg of Na2B407. 10H20, 0.5 mg of CaCl2, 0.02 mg of CoCl2.6H20, and 0.2 g of MgSO4 *7H20 per liter. The nitrogen source was supplied to a final concentration of 0.2%, and glucose (0.5%) was used throughout this study as the carbon source. Glutamate and glutamine were added as supplements to give a final concentration of 0.2%; all other amino acid supplements were added to a final concentration of 50 ug/ml.
Cultures were processed for the nitrogen shift experiments as follows. Cells were grown in 1 liter of medium to the mid-log phase of growth. At zero time, a 200-ml sample was removed, divided in half, and prepared as described below for enzyme analysis and the analysis of intracellular metabolites. The remaining 800 ml was centrifuged at 6,000 x g for 10 min at room temperature and suspended in 800 ml of prewarmed shift condition medium for continued growth. At timed intervals, 200-ml samples were harvested and treated as described below.
For the analysis of GOGAT and GS activity, a 100-ml culture sample was centrifuged at 6,000 x g for 20 min at 4°C. The cell pellet was suspended in 1 ml of a 40 mM potassium phosphate buffer, pH 7.5, containing 1 mM EDTA, 1 mM dithiothreitol, 20 mM glutamine, 5 mM histidine, 0.1 mM phenylmethylsulfonyl fluoride, and 30% glycerol. The cell suspension was incubated for 30 min at 37°C with lysozyme (100 ,ug/ ml) and DNase (50,ug/ml) and clarified by centrifugation at 12;000 x g for 20 min. This crude extract was used directly in the assay of GOGAT (4) and GS, since it was found that passing the extract through a Sephadex G-25 column did not affect the relative enzymatic activities.
In the two Glt-mutants, gitA and gltB, GOGAT activity could only be measured by a complementation assay (4) , that is, an extract prepared by mixing cells from thegltA andgltB mutants before lysis. Maximum levels of complementation are achieved when both Glt-mutants are grown in an NW plus glutamate medium (4) . Therefore, when the gltA orgltB mutants were grown with different nitrogen sources, the cell pellets were always mixed with the gltB or gitA mutant, respectively, grown in an NH4 plus glutamate medium.
For the analysis of amino acids and NH', the remaining 100 ml of culture was filtered through a 0.45-pmp membrane filter (90 mm in diameter; Millipore Corp.). The filter was washed with 75 ml of minimal medium lacking glucose and a nitrogen source and placed in 15 (4) Purification of GS. The prototroph NP1 was grown in 1,500 ml of NH4 medium to an absorbance of approximately 0.8 at 600 nm. This culture was then centrifuged at 6,000 x g for 20 min at 4°C. The cell pellet was washed four times with 1 M KCl for the removal of extracellular proteases (19) , washed once with a 50 mM imidazole hydrochloride buffer, pH 7.0, containing 0.2 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1 mM 2-mercaptoethanol (buffer A), and resuspended in buffer A. The cell suspension was lysed by sonication and clarified by centrifugation at 12,000 x g for 20 min. Remaining proteases were removed from this crude extract by affinity chromatography, using a hemoglobin-bound Sepharose column constructed from activated Sepharose 4B (Pharmacia Fine Chemicals, Inc.) and bovine hemoglobin (Sigma Chemical Co.), according to the method of Chua and Bushuk (2). The crude extract was eluted from the column with 3.5 column volumes of buffer A.
The eluate from the hemoglobin-bound Sepharose column was passed through an anti-GS affinity column, constructed from anti-GS antibody (which had been prepared as previously described [3, 8] ), bound to activated Sepharose 4B. The column was then washed with 10 column volumes of buffer A, and GS was eluted with 10 column volumes of buffer A containing 3.5 M potassium thiocyanate, 30 mM glutamate, 10 mM MnCl2, 10 mM MgSO4, and 10 mM ATP (buffer B). The eluate was concentrated on an Amicon XM-50 membrane and dialyzed overnight in buffer B (400 volumes) without the potassium thiocyanate, followed by another overnight dialysis in buffer A (200 volumes). The enzyme preparation was judged to be greater than 98% pure by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Assay for GS. GS was assayed in crude extracts by a modification of the y-glutamyltransferase assay of Dean et al. (3) and in the purified preparation by the method of Deuel et al. (6) . The reaction mixture for the -y-glutamyltransferase assay was 50 mM imidazole hydrochloride (pH 7.0), 10 mM ATP, 0.1 M glutamate, 0.4 M hydroxylamine, and either 10 mM MnCl2 or 40 MgSO4 in a final volume of 1.0 ml. The reaction was initiated by the addition of 0.1 ml of crude extract and terminated by the addition of 0.5 ml of ferric chloride reagent (9) . After Relationship between glutamine pools and activity of GOGAT. In B. subtilis, GO- GAT activity is minimal when the intracellular glutamine concentration is 2.5 mM or greater (5) . Since this inverse relationship was found in several strains that contain a catalytically functional GOGAT (Table 2) , this relationship was examined in two GOGAT mutants, gltA (GSY292) and gltB (KD2), which contain complementing activities for GOGAT (4 (Table 2) .
Changes in GOGAT activity and glutamine pools after a shift in nitrogen source. The inverse relationship between GOGAT activity and the intracellular glutamine concentration was investigated further by shifting growing cultures of strain NP19 from NW plus glutamate (high GOGAT activity) to glutamate (low GO-GAT activity) and from glutamate to NW plus glutamate. The specific activities of GOGAT and GS as well as the intracellular levels of NW, glutamine, glutamate, aspartate, and alanine were monitored at various times after the shift. These metabolites were chosen because they are physiologically significant ammonia assimilation products.
The physiological response of strain NP19 to these shifts was unexpected. The growth rate of the culture suspended in glutamate immediately decreased twofold over that of the preshift culture in NW plus glutamate medium. In contrast, the growth rate did not increase for at least 90 min after the shift from glutamate to NW plus glutamate. This latter result suggests that NW is not a limiting metabolite for cells growing in glutamate medium.
The intracellular metabolite pool fluctuations are shown in Table 3 . In general, the pools of NW were low and only slightly greater than those found in control assays, which consisted of media without cells. Although these values may not represent the absolute level of this ion inside the cell, the relative concentration of NW decreased (8.5 to 3.5 mm) after a shift from NW plus glutamate to glutamate and increased (9 to 16 mm) after a shift from glutamate to NHW plus glutamate. The intracellular concentrations of the four amino acids, however, were easily measured above background. Glutamate was the most abundant intracellular amino acid with either growth medium, but there was little variation in its level. Although the levels of aspartate and alanine varied, these changes were not considered as significant since they were not consistently associated with changes in GOGAT. The glutamine concentrations, on the other hand, changed significantly after the nitrogen source shifts. Within 30 min after the shift to glutamate, the intracellular glutanine pool increased about eightfold and leveled at a concentration near 5 mM. When the culture was shifted to NHW plus glutamate, the glutamine pool decreased slowly for the first 60 min, dropped sharply during the 2nd h, and remained below 1 mM for the duration of the experiment. The enzymatic profiles of GOGAT and GS after the two medium shifts are shown in Fig. 1 . The first enzymatic change after the shift to glutamate (Fig. 1, left panel) was a 2.5-to 3-fold increase in GS activity, accompanying an in- crease in the glutamine pool. Approximately 15 min after the glutamine pool reached its peak, GOGAT activity began to decrease and eventually declined 2.5-fold. Thus, the loss of GO-GAT activity was associated with a rapid increase in the glutamine pool.
In the reverse experiment (Fig. 1, right panel) , GOGAT activity remained low until 2 h after the shift. At this time, the glutamine pool decreased to 1 mM, and the activity of GS dropped threefold. It is not possible, at this point, to determine whether the renewed GOGAT activity was due to the reactivation of an inactive protein or to the derepression of enzyme synthesis. It is clear, however, that intracellular glutamine concentrations and the regulation of GO-GAT are closely related.
GOGAT inactivation. The regulation of GO-GAT did not appear to occur simply at the transcriptional level. This became clear upon shifting strain NP19 to glutamate: GOGAT activity decreased 2.5-fold well within a single generation of cell growth (Fig. 2, right panel) . It is unlikely that this relatively rapid reduction in enzymatic activity was due to the repression of GOGAT synthesis. Therefore, we have considered the possibility that a glutamine-mediated inactivation of GOGAT occurs. To identify such a process, strain NPl9 cultured in NH+ (Fig. 2,   left panel) or NHW plus glutamate (data not shown) was shifted to a medium with no source of nitrogen. Although the absorbance of the culture remained constant for 30 min, there was a gradual decrease in the absorbance for the following 90 min. The GOGAT activity of the nitrogen-starved culture was relatively stable and deteriorated only upon lysis (20% decrease in absorbance at 600 nm) of the cells. Since nitrogen starvation has been reported to induce increased proteolytic activity (11) , and since GO-GAT activity was relatively unaffected in nitrogen-starved cells, the loss of GOGAT activity observed in cultures grown with glutamate did not appear to be one of random proteolysis. Rather, the inactivation process appeared to be regulated and specific for GOGAT.
Glutamate as a nitrogen source. Glutamate has been termed a "poor" nitrogen source for the growth of bacterial cultures for the following reasons: (i) the level of GS activity found with this nitrogen source parallels that found in nitrogen-limited cultures (8, 20) , and (ii) B. subtilis strains cultured with this nitrogen source grow relatively slowly. We monitored the internal levels of four amino acids, which represent the major source of organic nitrogen available for cellular reactions (Table 4) Table 2. grown cells. Furthermore, the internal glutamine concentration was greatest in cells grown with glutamate. When other strains of B. subtilis were grown to various cell densities in glutamate, the internal concentrations of these four amino acids were similar to those observed for strain NP19 (data not shown). It is, therefore, evident that glutamate is not a poor source of nitrogen, but instead provides an adequate supply of nitrogenous organic compounds for cellular metabolism. There is evidence, however, that the morphology of B. subtilis is significantly altered in this growth condition (J. F. Kane and G. D. Schrank, unpublished data). This glutamate-induced morphological change may explain the slow growth rate.
Glutpn ine is not an inhibitor of GS in vivo. The present finding of a direct correlation between GS activity and the intemal glutamine concentration (Fig. 1) was unexpected, particularly since it has been proposed that the glutamine pool regulates GS by feedback inhibition of the Mge2-dependent activity (7, 8) . To resolve this apparent conflict, we reasoned that GS may be activated in vivo by Mn2+ rather than Mg2+. Therefore, purified GS was assayed in the presence and absence of glutamine in a biosynthetic assay containing physiological concentrations (7) of Mg2+ (20 mM) or Mn2+ (0.2 mM). When 20 mM Mg2+ replaced the 50 mM Mg2e used in the standard assay, GS activity was unaffected, and when 0.2 mM Mn2+ was used instead of the standard 10 mM concentration, Mn2+-dependent GS activity decreased 20% (data not shown). When 5 mM glutamine was added to the reaction mixture, the Mg2+-dependent GS activity was reduced over 90%, whereas the Mn2+-dependent activity was relatively unaffected (Table 5). These results for the inhibition of GS by glutamine are consistent with those previously reported (7, 8) .
Since GS activity was unaffected by the presence of glutamine in the Mn2+-dependent biosynthetic assay, purified GS was tested for the insensitivity of GS to inhibition by glutamine also were observed with the y-glutamyltransferase assay (data not shown).
DISCUSSION
Regulation of GOGAT. In B. subtilis, two distinct mutations, gitA and gltB, result in the loss of GOGAT activity (4) . Since an active enzyme is reconstituted by mixing extracts from these mutants, we have proposed that the gitA and gltB mutations affect the nonidentical subunits of GOGAT (4) . The control of these putative subunits was investigated and, like the intact enzyme, both complementing activities were inversely related to the internal glutamine pools. Thus, at a glutamine concentration of 2.5 mM or greater, both the intact and complementing GOGAT activities were low.
This inverse relationship was maintained despite varied strain responses to the same nitrogen source. For example, with aspartate GOGAT activity in strain NPl9 and the complementing activities in the gitA and gitB mutants were low and the internal glutamine pools were greater than 2.5 mM. In contrast, the activity of GOGAT in the prototroph NP1 was elevated and the glutamine pool was below 2.5 mM. These strain differences will prove useful in further defining the inverse relationship between GOGAT activity and the intemal glutamine pool.
In an attempt to define the intracellular changes that affect enzyme expression, growing cultures of B. subtilis were shifted from NH4 plus glutamate to glutamate and vice versa. After cultures were shifted to glutamate, the levels of both GS and the internal glutamine pool increased at a rapid rate. These increases were followed closely by a decrease in GOGAT activity. The relatively rapid loss in GOGAT activity (less than one generation time) suggests that one form of GOGAT regulation involves enzyme inactivation. In contrast, cultures shifted to NW plus glutamate exhibited a substantial lag before GOGAT activity increased. During this lag, there was a slow decrease in both the glutamine pool and GS activity, which apparently was due to a dilution effect. When the glutamine pool decreased below 2.5 mM, GO-GAT activity increased. We are unable at present to describe the exact mode of GOGAT regulation. The activity of GOGAT may be controlled at both the transcriptional and posttranslational levels, as has been found with the GS of enteric bacteria (8) . Further study of this control process will require a method for the detection of GOGAT protein and the elucidation of the modification system.
Inactivation of GOGAT by random proteolysis seems unlikely. When cultures were deprived of nitrogen, a condition in which increased proteolytic activity does occur, GOGAT activity remained relatively constant until cell lysis began. In contrast, a relatively rapid inactivation of GOGAT occurred with cultures grown with glutamate. This result indicates that, whatever the means of GOGAT inactivation, it is a regulated process specific for GOGAT.
The intracellular concentrations of NH4, aspartate, glutamate, glutamine, and alanine were monitored as a function of the nitrogen source. Glutamine, the only amino acid which changed significantly and in a definite pattern with changes in the growth medium, showed the highest internal concentration for strains cultured in either glutamate or proline and a sixfold increase over glutamine cultures. The internal concentration of NW was difficult to measure, since similar levels of NH4+ were found in extracts prepared without cells. Another method for detecting NW (12) was used and comparable results were obtained (J. F. Kane, unpublished data). Therefore, intracellular NH4 appears to be kept at a miniimum level and utilized as rapidly as it is taken up.
Regulation of GS. The regulation of GS in B. subtilis has been postulated to result from repression, with glutanine as the negative effector (20) , and from a glutamine-dependent feedback inhibition (7, 8) . The present results support neither of these models for GS regulation. We have found a direct correlation between the internal concentration of glutamine and the activity of GS. Thus, it appears unlikely that glutamine functions either as a repressor of GS synthesis or as a feedback inhibitor of this enzyme. Furthermore, GS activity was influenced synergistically by Mn2" plus Mg2", and the combined ion activity was relatively insensitive to glutamine inhibition. We propose that GS is activated in vivo by a combination of Mn2" and Mg2" and that the capacity of this enzyme to utilize these cations in a synergistic manner may be a key to understanding the regulation of GS.
